The ultrafast dynamics of photoexcited carriers in semiconductor superlattices is studied theoretically on the basis of a Monte Carlo solution of the coupled Boltzmann transport equations for electrons and holes. The approach allows a kinetic description of the relevant interaction mechanisms such as intraminiband and interminiband carrier-phonon scattering processes. The energy relaxation of photoexcited carriers, as well as their vertical transport, is investigated in detail. The effects of the multiminiband nature of the superlattice spectrum on the energy relaxation process are discussed with particular emphasis on the presence of Bloch oscillations induced by an external electric 6eld. The analysis is performed for different superlattice structures and excitation conditions. It shows the dominant role of carrier -polar-optical-phonon interaction in determining the nature of the carrier dynamics in the low-density limit. In particular, the miniband width, compared to the phonon energy, turns out to be a relevant quantity in predicting the existence of Bloch oscillations.
I. INTRODUCTION
The technological progress in the generation of ultrashort laser pulses, together with the possibility to detect processes on this time scale, has led to a series of experiments that gave insight into the microscopic carrier dynamics in a semiconductor. A phenomenon that has been widely investigated during the past few years is the energy relaxation of photoexcited carriers, which typically occurs on a picosecond or femtosecond time scale. DifFerent experimental techniques have been used: luminescence experiments, either band to band, ' where the product of the distribution functions in the valence and the conduction bands both contribute, or band-toacceptor, which is most sensitive to the electron distribution, as well as pump-and-probe experiments, 4 which yield information on the sum of the distribution functions. On the other hand, recent progress in the fabrication and characterization of semiconductor heterostructures and superlattices allows a detailed investigation of another class of phenomena such as Bloch oscillations (BO's) and the corresponding terahertz radiation, s which may arise due to the application of an external electric Geld. Besides attempts of direct integration of the quantum kinetic equations, the most commonly used approach for the theoretical analysis of energy-relaxation experiments in bulk semiconductors and in low-dimensional etc. ) .
The role of these scattering processes in turn is inHuenced by the choice of the experimental conditions: carriercarrier scattering and hot-phonon efFects strongly depend on the density and intervalley transitions are suppressed if the excitation is below the threshold for this process. Thus the combination of experimental results and "simulated experiments" provides detailed information on the relevant scattering rates and coupling constants. In this paper we give a theoretical analysis of the ultrafast intraband dynamics of photoexcited carriers in semiconductor superlattices. Our approach is based on a Monte Carlo solution of the coupled set of Boltzmann transport equations describing the ultrafast electron and hole dynamics within a multiminiband scheme.
We present a detailed investigation of the energy relaxation of photoexcited carriers and of their vertical transport within a superlattice structure. The energyrelaxation analysis will show the existence of di6'erent relaxation times corresponding to the difFerent interminiband and intraminiband scattering mechanisms. On the other hand, the vertical transport analysis will clearly show the dominant role of carrier -polar-optical-phonon interaction in determining the carrier dynamics: for superlattice structures characterized by a miniband width less than the optical-phonon energy and for laser excitations close to the band gap, the carrier dynamics exhibits Bloch oscillations; on the contrary, for miniband widths greater than the phonon energy Here the quantities g denote the matrix elements of the phonon electrostatic potential in the kv representation. Their explicit form for our superlattice model will be evaluated at the end of this section. As we will see, the above Hamiltonian is responsible for both intraminiband (v = v') and interminiband (v g v') carrier-phonon scattering processes. Finally, H l = ) IJk, vv'E (t)cg"d I within the usual rotating-wave approximation. The quantity pk" is the optical matrix element between the electron and hole states while Ep(t) and uzi denote, respectively, the shape and the central frequency of the light field.
Let us now introduce the set of kinetic variables used to describe the carrier system within our semiconductor superlattice.
We choose the various electron and hole distribution functions corresponding to the different conduction and valence minibands, respectively:
+pk, E (t)"-~'c& describes the dipole coupling of the carrier system to a laser field E(t) = E+(t) + E -(t) = Ep(t)e'-"+ Ep(t)e ' " (7) As usual, these distribution functions are given as the kand v-diagonal elements of the single-particle density matrix. with n = +2miVe/52, P = Q2mgy(Vp -e)/h, piV = o. /mdiv, and p~= p/m~. The efFective mass m* appearing in the in-plane part of the dispersion relation is a parameter that has to be related to the efFective masses of the well and barrier materials m~and m~, respectively.
As a result, our superlattice band structure is characterized by a cylindrical symmetry, i.e. , it depends only on the parallel (k, ) and perpendicular (k~) components of the three-dimensional wave vector k.
Concluding this section, we will derive the explicit form of the carrier-phonon scattering rates (14) .icy
where we have introduced Q = k~-kz, K = k, -k, ', and the Bloch integral
Finally, the total scattering rates for intraminiband and interminiband processes are, as usual, obtained by summing the above transition probabilities over the anal state wave vectors k': In the absence of carrier photogeneration and carrierphonon scattering, the transformed distribution function f is constant in time and therefore from Eq. (28) we obtain This is known as the "acceleration theorem. "
Within our approach, the system of nonlinear equations (29) is solved in terms of a direct MC simulation of the carrier dynamics in this transformed k space. Following the spirit of the number representation introduced in Ref. 23 for a bulk system, we use a suitable k-space discretization. In particular, due to the symmetry of our system, we define a cylindrical (two-dimensional) grid and for each cell of the grid we introduce an integer number n, '. , which denotes the number of carriers in the ith cell and miniband v. As for the bulk case, this representation provides a direct way of treating both the carrier photogeneration and the carrier-phonon scattering.
Due to the dependence of the scattering rates on the distribution functions, the set of kinetic equations (29) is nonlinear and therefore we are forced to perform a time step solution. In particular, we employ a fixed time step At over which our kinetic equations are locally linear and decoupled.
As discussed before, in Eq. (29) the effect of the external Geld is implicitly contained in the time dependence of k. This is easily included in our MC simulation by considering our grid not in k but in k space, i.e. , by introducing a time-dependent grid that drifts according to (27) . Therefore, at each time step, the original distribution function f appears to drift due to a constant shift of the grid. During the time step, the carrier photogeneration and carrier-phonon terms in Eq. (29) 
IV. NUMERICAL R,ESULTS
In this section we present the results of our Monte
Carlo simulations.
We start with a discussion of the band structure and the intraminiband and interminiband scattering rates for LO-phonon emission of a particular GaAs/Al Gai As superlattice. Fig. 2(a) Fig. I(a) ]. The time evolution of the carrier distribution as a function of the total energy is plotted in Fig. 3 . At t = 0 the distribution function consists of the dominant generation peak and a small contribution, which is located energetically one LQ phonon below the initial peak. For times longer than 200 fs we recognize the well known phonon replicas whose amplitudes change in time due to relaxation processes. Finally, after about 2 ps almost all carriers have relaxed in energy as far as they can. An interesting feature in Fig. 3 is that starting &om t = 600 fs, when the third phonon replica around 0.04 meV is the largest peak, the erst replica slightly above 0.11 meV is stronger than the second one. This is explained by the fact that the energetic position of the erst phonon replica is within the higher miniband. Since the interminiband scattering rates are smaller than the intraminiband rates, the strength of the erst replica at higher times reQects the population of the higher miniband.
The carrier densities for the diferent minibands are shown in Fig. 4(a) higher miniband is about half of that excited in the lower one. Due to interminiband scattering, the density in the higher miniband later decreases in time and, correspondingly, the density in the lower miniband increases.
In Fig. 4 For the studies in this section we now include an electric field, applied parallel to the growth direction, and study its influence on the dynamics of the distribution function. For this simulated experiment, the central energy of the laser pulse is assumed to be located 8 meV below the band gap energy. Figure 5 shows the time evolution of the carrier distribution for an electric field of 5 kV/cm as a function of k" i.e. , averaged over A,~. At the beginning of the laser pulse the carriers are generated around k = 0, where the transitions are close to resonance with the laser excitation. According to the acceleration induced by the field, the electrons are then shifted in A: space. When the carriers reach the border of the Grst Brillouin zone they are Bragg reflected. After 800 fs, which is close to the BO time T~= 6/end = 750 fs, the carriers have completed a little more than one oscillation in k space (see Fig. 5 ). Since the electrons have been excited at the bottom of the miniband and the miniband width is smaller than the LO-phonon energy, no LO-phonon emission is possible in this case. Consequently, the electrons perform BO's without losing the synchronicity of their motion by scattering. This is shown in Fig. 6 , where we have plotted the mean kinetic energy [ Fig. 6(a) ], the current [ Fig. 6(b) ], which is given by j"'(t) = & I &&*" fx',"dk, and its derivative with respect to time, which is proportional to the emitted electric far field, i.e. , the terahertz signal [ Fig. 6(c) these quantities show oscillations with the BO periodicity. As expected, the amplitude of the oscillations of the kinetic energy [ Fig. 6(a) In this section we study the combined influence of the relaxation and the electric Geld on the dynamics of the carrier distribution function. The electrons are again assumed to be excited with an excess energy of about 150 meV. The time evolution of the distribution function is shown in Fig. 7 . At t = 0, which corresponds to the center of the laser pulse, the distribution function shows a peak energetically located at the excitation energy and a small structure about one LO-phonon energy below. Since the period of this superlattice is much smaller than that of the former one the minibands are more dispersive. We obtain a bandwidth of about 62 meV for the erst electron and 5 meV for the erst hole miniband, respectively. Thus the width of the electronic miniband is larger than the LO-phonon energy and intraminiband phonon scattering can take place in this structure even for E~--0.
The calculated scattering rates for LO-phonon emission within the electronic miniband are shown in Fig. 9 .
As expected, we 6nd for E~--0 a sharp threshold at E, = Ruo. Therefore, as a consequence of the phonon scattering BO's in this structure will be damped for any We have focused our attention on the low-temperature and low-density regime where the most relevant scattering mechanism is LO-phonon emission. The threshold.
nature of this scattering mechanism was found to play a decisive role for the relaxation and transport properties of the superlattices. In particular, the damping of Bloch oscillations is directly related to the width of the superlattice miniband compared to the LO-phonon energy. For laser excitations close to the bottom of a miniband with a width smaller than the LO-phonon energy, we obtain basically undamped Bloch oscillation behavior. Conversely, for laser excitation far from the band gap and/or miniband widths larger than the LO-phonon energy, these oscillations are strongly damped. The resulting average current is difFerent Rom zero and dissipation takes place.
The kinetic treatment, typical for any Monte Carlo simulation, allowed. us to study the role of the difFerent intraminiband and interminiband LO-phonon scattering processes. As expected, interminiband scattering is slower than scattering within the minibands and thus of minor importance for Bloch oscillations.
Finally, the number representation used in the Monte Carlo simulation allows us in principle to treat also coherent phenomena as well as carrier-carrier Coulomb scattering. Therefore, the described simulation method can be regarded as the starting point for a generalized Monte Carlo simulation of both coherent and incoherent phenomena in semiconductor superlattices.
